Abstract: Transplantation of mesenchymal stem cells (MSCs) has been extensively studied in the field of regenerative medicine. Bone regeneration is achieved via the interaction of osteoblasts and osteoclasts. However, the influence of MSCs on osteoclasts is unknown. The purpose of this study was to investigate the effect of MSCs on the expression of genes for osteoclast differentiation factors using qPCR after indirect co-culture of MSCs and RAW264 cells. The numbers of osteoclasts after addition of soluble receptor activator of nuclear factor kappa B (NF-κB) ligand (sRANKL) were also compared. Expression of osteoprotegerin (OPG) by MSCs was significantly elevated in co-culture over time. The differentiation of RAW264 cells into mature osteoclasts following addition of sRANKL was significantly inhibited by co-culture with MSCs. Expression of RANK, colony stimulating factor 1 receptor, NF-κB, and nuclear factor of activated T-cell cytoplasmic 1 in RAW264 cells was significantly inhibited by co-culture with MSCs. Expression of OPG protein was higher in co-culture with RAW264 cells than in MSCs alone, and the expression level was clearly higher than that of RANKL. MSCs appeared to inhibit osteoclast differentiation via expression of OPG.
Introduction
Cleft lip and palate is a congenital condition characterized by jaw clefts due to failure of the palatal shelves to fuse properly. In the Japanese population its incidence is relatively high at 0.10% (1) . In most cases, continuity of the dentition is lost due to the jaw cleft, and therefore transplantation of autologous iliac bone is mainly employed to repair the defect (2) . However, the surgical procedures involved are highly invasive and stressful (3) . For these reasons, it has been proposed that bone regeneration therapy using mesenchymal stem cells (MSCs) might reduce the degree of surgical invasiveness and stress burden on affected patients.
In a previous study, bone was successfully regenerated following transplantation of MSCs and a carbonated hydroxyapatite scaffold into artificial bone defects in beagle dogs. For bone regeneration in a jaw cleft, teeth must be able to erupt, and the regenerating bone must be amenable to orthodontic treatment. Bone regeneration in the artificial jaw cleft was confirmed, and orthodontic tooth movement to the bone regeneration site was performed. At the site of MSC transplantation, carbonated hydroxyapatite was absorbed early and replaced with regenerated bone (4, 5) . It is desirable for the implanted carrier to be absorbed at an early stage, followed by rapid Osteoclasts are multinucleated giant cells with eosinophilic cytoplasm and tartrate-resistant acid phosphatase (TRAP) activity (6, 7) . Osteoblasts and their progenitor cells express cytokines involved in osteoclastogenesis, such as membrane-bound protein receptor activator of nuclear factor kappa B (NF-κB) ligand (RANKL) and osteoprotegerin (OPG), which acts as a RANKL decoy receptor to inhibit osteoclastogenesis, and macrophage colony-stimulating factor (M-CSF). In the presence of these cytokines, hematopoietic stem cells differentiate into osteoclasts (8, 9) . Binding of RANKL to receptor activator of NF-κB (RANK) and M-CSF to colony stimulating factor 1 receptor (CSF1R) on osteoclast precursors results in activation of NF-κB and nuclear factor of activated T-cell cytoplasmic 1 (NFATc1) (10) . Thus, maintenance of balanced and normal bone remodeling requires signaling via cytokine-mediated interactions or cell-cell contact. Although the relationship between osteoblasts and spleen cells has been studied by Takahashi et al. (11) , few have investigated the involvement of transplanted MSCs in osteoclast differentiation.
Although intercellular contact has been reported to be important (11) (12) (13) (14) , the mechanism responsible for paracrine information transmission has remained unknown. In the present study, therefore, the effect of MSCs on the expression of osteoclast differentiation factors in RAW264 cells was examined by co-culturing them with MSCs.
Materials and Methods

Cell culture
Balb/c mouse bone marrow-derived MSCs (Cyagen, Santa Clara, CA, USA) and the Balb/c mouse osteoclast precursor RAW264 cell line (Riken Cell Bank no. RCB 0535, RIKEN, Tokyo, Japan) were used. MSCs and RAW264 cells were cultured in α-minimum essential medium (α-MEM; Sigma Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (Biological Industries, Hartford, CT, USA), 10% sodium bicarbonate, and 0.7 mg/mL L-glutamine. All cultures were incubated at 37°C in a humidified atmosphere with 5% CO 2 .
Time course of expression of osteoclast differentiation-related genes in MSCs
MSCs were seeded at 4.8 × 10 4 cells/well in 6-well plates (Falcon, Corning, NY, USA) and cultured in α-MEM (Sigma Aldrich) supplemented with 10% fetal bovine serum (Biological Industries), 0.06 μg/mL kanamycin (Meiji, Tokyo, Japan), 5 units/mL penicillin (Meiji), and 125 μg/mL amphotericin B (MP Biomedicals, Santa Ana, CA, USA) at 37°C in 5% CO 2 . At 4, 6, 8, and 10 days from the start of culture, the cells were collected, total RNA was extracted and purified using β-mercaptoethanol (Sigma-Aldrich Japan, Tokyo, Japan), and a Simpli Amp Thermal Cycler (Applied Biosystems, Foster City, CA, USA) was used to synthesize cDNA. Using the prepared cDNA as a template, expression of the osteoclast differentiation factor, RANKL; M-CSF; the osteoclast differentiation inhibitor, OPG; and vascular endothelial cell growth factor (VEGF) in MSCs was compared using the SYBR Green Real-time PCR Master Mix (Toyobo, Osaka, Japan) and Light Cycler 480 II (Roche Diagnostics, Basel, Switzerland). The primers used are shown in Table 1 . Reaction conditions were 40 cycles with denaturation at 95°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 10 s.
Effect of MSC co-culture on osteoclast differentiation of RAW264 cells RAW264 cells were seeded in 24-well plates (Falcon) at 5 × 10 3 cells/well. On the following day (day 0), RANK Ligand, Soluble, Murine, Recombinant (sRANKL; Pepro Tech, Rocky Hill, CT, USA) was added to α-MEM (Sigma Aldrich) at 100 ng/mL. The medium was replaced with medium containing sRANKL every 2nd day. On day 8, TRAP staining was performed using a TRAP/ALP staining kit (Wako, Tokyo, Japan) to confirm differentiation into osteoclasts, and cells were observed with a DMi1 microscope (Leica, Wetzlar, Germany).
Next, MSCs were seeded into 6-well plates (Falcon) at 1 × 10 4 cells/well, and RAW264 cells were seeded at 3 cells/well. On the following day (day 0), the culture medium was replaced with medium containing sRANKL (Pepro Tech) (sRANKL was added to both RAW264 only cultures and RAW264/MSC co-cultures), and the medium was replaced with fresh medium every 2nd day. From day 0 (at the start of sRANKL addition), using the number of actin ring-forming cells with five or more nuclei to represent the number of mature osteoclasts, osteoclast counts among RAW264 cells cultured alone and in RAW264 cell/MSC co-cultures were compared.
Effect of MSC co-culture on expression of osteoclast differentiation-related genes in RAW264 cells
MSCs were seeded at 4.8 × 10
4 cells/well in Cell Culture Inserts, 6-well plates, 0.4 μm pore size (Falcon), RAW264 cells were seeded in these 6-well plates (Falcon) at 2.4 × 10 4 cells/well, and indirect co-culture was performed. When confluent on day 8, RAW264 cells were collected. Using qPCR, gene expression in RAW264 cells cultured alone and co-cultured indirectly with MSCs was compared. Expression of the following genes was compared: RANK, which is a receptor for RANKL; CSF1R, which is a receptor for M-CSF; NF-κB; and NFATc1, which is an osteoclast precursor intracellular transcription factor. The primers used are shown in Table 1 . 
Statistical analysis
Multiple comparison tests were performed with the Bonferroni/Dunn method, and comparative tests between two groups were performed with the Mann-Whitney U test. Results are shown as median and interquartile range. Differences at P < 0.05 were considered statistically significant.
Results
Time course of expression of osteoclast differentiation-related genes in MSCs
In MSCs, the expression of M-CSF and VEGF peaked on day 6, followed by a significant reduction (Fig. 1) . A significant increase in RANKL was observed up to day 8, but on day 10 it was significantly decreased. Expression of OPG was significantly (P < 0.01) elevated from day 4 to day 10. Relative to that on day 4, the expression level of RANKL on day 8 was increased about 14-fold, that of M-CSF on day 6 was increased about 3-fold, that of OPG on day 10 was increased about 2.5-fold, and that of VEGF on day 6 was increased about 3.7-fold.
Effect of MSC co-culture on osteoclast differentiation of RAW264 cells
After addition of sRANKL to RAW264 cells, differentiation into osteoclasts was confirmed by TRAP staining on day 8 ( Fig. 2A and 2B) .
When RAW264 cells were cultured alone, osteoclast differentiation was observed 2 days after sRANKL addition, whereas in indirect co-culture with MSCs, no osteoclast differentiation was observed at 2 and 4 days (Fig. 3) . Differentiation was observed to begin on day 6 in regions outside those directly below the cell culture insert. From day 2 to 8, the number of differentiated osteoclasts was significantly lower in indirect co-culture than in cultures of RAW264 cells alone. No significant difference in osteoclast survival was evident between the two groups. Incidentally, when sRANKL was not added, osteoclast differentiation was not observed in indirect co-culture with MSCs.
Effect of MSC co-culture on expression of osteoclast differentiation-related genes in RAW264 cells
On day 8, expression of RANK, CSF1R, NF-κB, and NFATc1 in RAW264 cells co-cultured with MSCs was significantly (P < 0.01) suppressed compared to that in RAW264 cells cultured alone (Fig. 4) . Expression levels of all four genes in RAW264 cells co-cultured with MSCs were less than half of those in RAW264 cells cultured alone.
Time course of expression of osteoclast differentiation-related genes in co-cultures of MSCs and RAW264 cells
No significant change was seen in the expression of RANKL, M-CSF, or VEGF over time when MSCs and RAW264 cells were co-cultured (Fig. 5) . On the other hand, expression of OPG was significantly (P < 0.01) decreased on day 6, 8, and 10 relative to day 4. The expression level of OPG was lowest on day 8, being only about 1/14 of the level on day 4. (Fig. 6) . The amount of OPG protein secreted into medium of co-cultured MSCs and RAW264 cells was significantly higher than that in medium of MSCs cultured alone (249 [244-258] pg/mL vs. 147 [142-165] pg/mL, respectively, P < 0.01). In addition, the amount of OPG protein was obviously higher than that of RANKL protein.
Amount of RANKL and OPG protein secreted into co-cultures of MSCs and RAW264 cells
Discussion
Bone regeneration is an important factor for successful repair of cleft lip and palate. Although regenerative medicine using MSCs and carriers has received attention, few attempts have been made to apply this clinically. Because the involvement of osteoclasts and transplanted MSCs in carrier bone resorption is unclear, the effect of MSCs on osteoclasts was investigated. For bone remodeling by osteoblasts and osteoclasts, cytokine-mediated interactions and signal transduction via cell-cell contact are considered necessary (12) . In addition, Mbalaviele et al. (13) have reported that MSCs promote osteoclast differentiation by direct contact with CD34-positive hematopoietic stem cells.
In the present study, the time course of RANKL, M-CSF, and VEGF expression in MSCs cultured alone peaked at day 6 and 8. On the other hand, enhancement of OPG expression was observed from day 4 to day 10. Moreover, osteoclast differentiation was observed on the 2nd day in the presence of sRANKL when RAW264 cells were cultured alone. It was confirmed that the sRANKL concentration in the culture solution was sufficient for differentiation. This data revealed that the level of expression of OPG protein was clearly higher than that of RANKL protein.
These observations suggest that the expression level of RANKL in MSCs was not significantly involved in osteoclast differentiation. In co-culture with MSCs, osteoclast differentiation was not observed on day 4, and the number of osteoclasts was significantly decreased in comparison with RAW264 cells cultured alone. Although the expression level of RANKL in MSCs cultured alone was high on day 8, co-culture with MSCs significantly suppressed the expression of the osteoclast differentiation transcription factors NF-κB and NFATc1. These results suggested that MSC-derived factor(s) inhibited osteoclast differentiation in RAW264 cells during co-culture. Chanda et al. (15, 16) have reported constitutive OPG production by MSCs. Using a cytokine antibody array and MSC-conditioned medium, Ando et al. (17) found that OPG production by MSCs was relatively high. In addition, Nelson et al. (18) reported that the affinity of OPG for RANKL was higher than that for RANK. Accordingly, it was speculated that OPG, a decoy receptor for RANKL produced by MSCs, became bound to sRANKL and inhibited osteoclast differentiation. In an indirect co-culture experiment using human MSCs and peripheral blood mononuclear cells, Chanda et al. (15, 16) found that production of OPG suppressed the differentiation of osteoclasts. A similar result was obtained in the present study. However, it was reported that osteoclast differentiation was restored by OPG knockdown with siRNA or addition of OPG neutralizing antibody, and that expression of cathepsin K, a marker of osteoclasts, was also increased (16) . Because addition of these antibodies does not completely restore osteoclast differentiation, interleukin-10 and prostaglandin E 2 may also be involved (19, 20) . Tumor necrosis factor-α and other molecules may be involved in the osteoclast differentiation pathway (21) , suggesting that osteoclast differentiation may be inhibited through other routes. These possibilities await further investigation.
OPG production by MSCs during co-culture decreased over time, and this was considered to explain the gradual osteoclast differentiation that was observed beginning on day 6. During co-culture with RAW264 cells, a feedback mechanism may have been operating, and cell function may have decreased due to cell fatigue.
Maes et al. (22) reported that early vessel entry is essential for bone formation at fracture sites. Similarly, angiogenesis prior to bone regeneration is also considered indispensable for successful transplantation. In the present study, no significant temporal change in the expression of VEGF during co-culture was observed. Chen et al. (23) reported that MSCs constitutively secrete a large amount of VEGF protein, and King et al. (24) observed an increase in VEGF in MSCs during indirect co-culture with macrophages. Oskowitz et al. (25) also reported that expression of VEGF in MSCs increases in the absence of serum. In addition, Kim et al. (26) reported that VEGF, which is thought to play an important role in bone remodeling, increases the expression of RANKL in synovial fibroblasts.
The results of this study revealed that MSCs inhibited osteoclast differentiation of RAW264 cells by suppressing the expression of factors that induce the process. MSCs may also affect the differentiation of osteoclasts via expression of OPG. It has been reported that transplantation of MSCs to increase bone regeneration significantly increased the number of differentiated osteoclasts beginning at 4 weeks after transplantation (27) , and that absorption of carriers was promoted in the long term (4) . Although it is suspected that MSCs are involved in osteoclast differentiation, these findings suggested that MSCs inhibited osteoclast differentiation. Therefore, it seems that further clarification of this complex phenomenon is needed. It was suggested that indirect co-culture with MSCs inhibits osteoclast differentiation, creating a favorable environment for bone regeneration.
